Bottom-up technique has been used to synthesize Ag-chalcogenide nanoparticles. This work reports on the synthesis of Ag 2 Se by varying the molar ratio of capping agent and pH of the solution. The synthesized nanoparticles have been characterized in terms of structural parameters using X-ray diffraction. By this technique, various parameters such as crystallite size, dislocation density and strain of the nanoparticles were calculated. The crystallite size decreased with the increase in pH of the solution. The optical characterization was carried out by UV-Vis-NIR spectrophotometer. With the decrease in the crystallite size, a blue shift in the absorption peak of the nanoparticles was observed. These properties are suitable for energy harvesting with the help of photovoltaics.
Introduction
In recent years, the semiconducting chalcogenide nanocrystal material has attracted much attention because of its unique properties in terms of size and shape in comparison to the solid counterparts. The binary chalcogenide semiconductors have gained prominent attention due to their size-dependent optical properties along with other physical, chemical and thermal properties resulting from quantum confinement effect. Silver selenide (Ag 2 Se) is a member of the silver chalcogenide family. Ag 2 Se is a well-known superionic, nonmagnetic narrow-band gap semiconductor and important thermochromic material, which has a phase transition at 406 K, high-temperature cubic phase α-Ag 2 Se and low-temperature orthorhombic phase β-Ag 2 Se [1] [2] [3] [4] . Ag 2 Se has promising applications in the field of optoelectronics, photodetectors, photo-rechargeable secondary batteries, luminescent devices, magnetic field sensors, switching devices, superionic conductors, electrochemical potential memory devices, photovoltaic cells etc. [5] [6] [7] [8] [9] [10] . * E-mail: pks_phy@yahoo.co.in Different synthesis methods, such as solgel method, hydrothermal method, sononchemical method are available to prepare silver selenide nanoparticles [11] [12] [13] [14] [15] . Co-precipitation method consists in mixing initial precursor solutions and then adding a precipitating agent to precipitate the silver selenide nanoparticles. To maintain a small size of the nanoparticles, surfactant materials are used.
In this paper, we report the synthesis, structural, and optical properties of silver selenide nanoparticles. The nanoparticles have been characterized using XRD and UV-Vis spectroscopy.
Experimental

Chemicals and equipment
All the chemicals used have been procured from Alfa Aesar and used as received. In a typical synthesis approach for sample a, solution I was synthesized by dissolving 0.955 g of AgCl in 20 mL of double distilled water. The solution was stirred until AgCl dissolved completely. Then, 0.5311 mL of 2-mercaptoethanol (2-MPA) was added under continuous stirring. Next, 0.5765 g Na 2 SeO 3 and immediately after that 3.24 mL of NH 2 NH 2 ·H 2 O (HD) were added into the solution. Temperature of the solution was maintained at 75°C with a variation of ±2°C. The solution was continuously stirred for 2 h. Solution II was prepared by dissolving NaOH in double distilled water (4 M). It was heated at 85°C and stirred. Solution II was slowly, drop after drop, added to solution I until the precipitate started forming. For sample a, pH of the solution was maintained at 13. The solution was left to cool for 8 h. The obtained precipitates were washed several times with distilled water, dried at 60°C and crushed to powder using a mortar and a pestle. The flow chart in Fig. 1 presents the schematic of synthesis procedure. Similarly, sample b and sample c were synthesized using the same procedure with varying ratio of AgCl to 2-mercaptoethanol, Na 2 SeO 3 /HD and changing the pH of the solution (Table 1) . Synthesized nanoparticles were characterized in terms of structural parameters using X-ray diffraction (XRD) (SHIMADZU Analytical: XRD 6000 with CuKα (0.154056 nm) operated at 40 kV and 30 mA). Optical study was performed using UV-Vis-NIR spectrophotometer (PerkinElmer Lambda 750).
Results and discussion
Reaction mechanism
Nanoparticles of Ag 2 Se have been synthesized at different pH values and molar ratios of precursors to the capping agent 2-MPA. Silver chloride first reacts with water to form silver hydroxide. Then, silver hydroxide reacts with 2-MPA to form silver ions capped by 2-MPA molecules. Hydrazine hydrate (N 2 H 4 ·H 2 O) at equilibrium consists of hydrazinium and hydroxide ion. Thereafter, sodium selenite (Na 2 SeO 3 ) reacts with hydroxide ion to give hydrogen selenide. Hydrogen selenide reacts with hydrazinium to give selenium ions and finally selenium ions react with silver ions capped with 2-MPA, leading to the formation of 2-MPA capped silver selenide nanoparticles. The reaction process is shown below:
3.2. Structural properties No. 24-1041). Table 2 lists the values of full width at half maximum, d-spacing, Miller indices and lattice parameters of Ag 2 Se nanoparticles. All diffraction peaks of the samples correspond to the characteristic orthorhombic structure of Ag 2 Se [16] . No traces of impurities have been observed in diffraction patterns which confirms their absence in the synthesized nanoparticles.
Particle size for each peak and average particle size of Ag 2 Se nanoparticles have been calculated using Scherer equation [17] :
where the value of k is equal to 0.9, β is the full width at half maximum of the XRD peak and D is the crystallite size of the nanoparticles. The average nanoparticle size increases from the sample a (33.4 nm), sample b (34.3) nm to sample c (37.4) nm (Table 2 ). This increase in the crystallite size between sample a and sample b is due to the decrease in the pH of the solution. With the decrease in the pH, the number of hydroxyl ions also decreases inside the solution which leads to a decrease in the sulfur ions concentration inside the solution. The increase in the crystallite size between sample b and sample c is due to the increase in the molar ratio of capping agent. Capping agent restricts the free access of sulfur ions into the silver complex to form Ag 2 Se nanoparticles. The total peak broadening in X-ray diffraction pattern is constituted by the sum of contributions from crystallite size and the strain existing in the material, and is given by:
where β D is the crystallite size induced broadening, β is the strain-induced broadening and β is the full width at the half-maximum intensity of the corrected instrumental broadening. Presuming the particle size contribution and strain contribution to the line broadening are separate to each other and both show a Cauchy-like profile, then the observed line width is given as [18] :
Equation 10 is called as Williamson-Hall (W-H) equation. W-H equation considers that the strain is uniform in all crystallographic directions and recognized as uniform deformation model (UDM) [19] . This model considers the crystal as isotropic in nature, i.e. the material properties are independent of the direction along which they are measured. A linear fit of the plot βcosθ as a function of 4 sinθ has been made. The crystallite size D has been estimated from the intercept of y-axis, and the slope of the linear fit leads to the estimation of microstrain (Fig. 3) .
The particle size calculated by the W-H plot method is shown in Table 3 embedded in Fig. 3 . There is a difference of approximately 10 nm in particle size calculated by the W-H and the Scherer method. This difference arises because in Scherer formula the parameter β includes contribution from the strain of the material. Therefore, we are getting negative slope which gives compressive strain inside the material. The strain decreases with the increase in the particle size. The dislocation density δ, defined as the length of dislocation lines per unit volume of crystal, was evaluated from the formula δ = 1/D 2 [20, 21] .
Average dislocation density decreases from sample a to sample c ( Table 2) . 
Optical properties
The absorption spectra of Ag 2 Se nanoparticles in the range of 200 nm to 700 nm have been shown in Fig. 4 . For sample a, strong absorption at around 270 nm, for sample b at 307 nm and for sample c at 322 nm is observed.
The absorption peak of sample a at 270 nm resembles the absorption peak as reported by Jafari et al. [22] . There is a red shift in the absorption edge with the increase in particle size (XRD results). A blue shift in the absorption edge (band gap) of Ag 2 Se nanoparticles has been observed as compared to the bulk Ag 2 Se and it is due to the quantization effects. The absorption at low wavelength is most probably due to size quantization effects that lead to a series of discrete states in the conduction and valence bands, resulting in the increase of the effective band gap [23] [24] [25] . This increase in the band gap of the nanoparticles leads to the more efficient energy harvesting by forming electron hole pairs of large binding energy [26] . The binding energy of these excitons is larger at room temperature as compared to the bulk material. The synthesized nanoparticles may be suitable for the photovoltaic applications [27] .
Conclusions
We have synthesized Ag 2 Se nanoparticles at varying molar ratio of the constituents and pH values of applied solutions. Structural parameters have been calculated and show the orthorhombic phase of the nanoparticles. The particle size decreases with an increase in pH. The results obtained from Scherer formula and W-H plots show similar trend. A blue shift in the absorption peak or increase in optical band gap has been observed with the decreasing particles size. This increase in the band gap of the nanoparticle leads to the more effective energy harvesting by forming excitons of large binding energy. It makes the synthesized nanoparticles suitable for the photovoltaic applications. 
